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A pumped larc-earth fiber source wavelength control device, having source wavelength control effected by pump source wavelength 
and power control. The maintaining of pump wavelength and power control can be attained several ways such as by use of a wavelength 
sensitive coupler, a short length of fiber having an embedded grating, and a modulated grating embedded fiber. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States paity to the PCT on the front pages of pamphlets publishing inteniati<mal 
applications under the PCT. 



AM 


Armenia 


GB 


United Kingdom 


MW 


Malawi 


AT 


Austria 


GE 


Georgia 


MX 


Mexico 


AU 


Autialia 


GN 


Guinea 


NE 


Niger 


BB 


Barbados 


GR 


Greece 


NL 


Netherlands 


BE 


Belgium 


HU 


Hungary 


NO 


Norway 


BP 


Buittina Faso 


IE 


Ireland 


NZ 


New Zealand 


BG 


Bnlgaiia 


IT 


baly 


PL 


Poland 


BJ 


Benin 


JP 


Japan 


PT 


Portugal 


BR 


Brazil 


KE 


Kenya 


RO 


Romania 


BY 


Belams 


KG 


Kyigystan 


RU 


Russian Federation 


CA 


Canada 


KP 


Democraiic People's Republic 


SD 


Sudan 


CF 


Central African Republic 




of Korea 


SE 


Sweden 


CG 


Congo 


KR 


Reptd)1ic of Korea 


SG 


Singapore 


Cli 


Swhzerland 


KZ 


Kaiakhstan 


SI 


Slovenia 


a 


CAte d'lvoire 


U 


Liechtenstein 


SK 


Slovakia 


CM 


Cfficeiooo 


LK 


Sri Lanka 


SN 


Seoegal 


CN 


China 


LR 


Liberia 


sz 


Swaziland 


cs 


Czechoslovalda 


LT 


Lithuania 


TD 


Chad 


cz 


Czech Republic 


LU 


Luxembourg 


TG 


Togo 


DE 


Geiraany 


LV 


Latvia 


TJ 


Tajikistan 


DK 


Denmark 


MC 


Monaco 


TT 


Trinidad and Tobago 


EE 


Estonia 


MD 


Republic of Moldova 


UA 


Ukraine 


ES 


Spain 


MG 


Madagascar 


UG 


Uganda 


Ft 


Fmland 


ML 


Mali 


US 


United Slates of Amc 


FR 


France 


MN 


Mongolia 


uz 


Uzbekistan 


GA 




MR 


Miuiririnia 


VN 


Viel Nam 



wo 97724786 PCT/US96/20472 

-1- 

FIBER OPTIC GYROSCOPE SOURCE WAVELENGTH CONTROL 
BACKGROUND OF THE INVENTION 
The invention pertains to high performance optical gyroscopes based on the 
Sagnac effect. Particularly, the invention pertains to interferometric fiber optic 
gyroscopes (FOGs) having sources with accurate wavelength control, and more 
particularly, tightly controlled wavelengths with relaxed component tolerances, for 
precise gyroscope scale factor control. Accurate scale factors are needed despite drift 
and aging effects in source components because the gyro scale factor which is directly 
proportional to wavelength, cannot be calibrated during the period over which the 
instrument is expected to accurately perform. 

SUMMARY OF THE INVENTION 
The light source wavelength stability directly affects the gyroscope scale factor 
stability. Broadband semiconductor sources traditionally used for interferometric FOGs 
lack the inherent wavelength stability for the most precise applications. One method of 
achieving a high degree of wavelength stability, such as one part per million (ppm), is to 
use a reference of equal stability; however, such a reference and a method of transfer to 
the gyro source are not available in practical form. The advent of broadband rare-earth 
doped fiber light sources (FLSs) offers interesting new possibilities. In this case (see 
Figure 1), light firom a semiconductor laser at Xp is used to optically pump rare earth 
ions doped into special fiber. The rare earth ions then decay out of their excited state, 
emitting a broad spectrum of light about a center wavelength X that is used as the gyro 
light source. Even though the semiconductor source is not stable to one ppm, the output 
wavelength X of the FLS is only a loose function of the pump wavelength \ and control 
of the latter parameter with a cruder, but readily available reference which is now 
possible with the present invention. The objective is to tightly control the gyroscope 
light source wavelength, lambda (X), and to effect scale factor stability. The problem 
with directly controlling X requires the direct measurement and stabilization of X to a 
more stable reference of the desired wavelength accuracy. Thus one part per million 
wavelength accuracy of a light source requires a wavelength reference of one ppm 
accuracy to measure and control the source wavelength. 

The invention involves wavelength control or monitoring of doped-fiber or 
doped-material light sources. In a fiber light source, the three principal parameters of 
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the two components from which a fiber light source wavelength X depends, are the 
pump wavelength Xp and power Pp, and the doped fiber temperature. The temperature 
dependence is repeatable and can be calibrated. The dependence of the source !: 
wavelength on the pump wavelength is small, that is, typically less than 1/30, So by ll 
5 controlling the pump wavelength, as shown in figure 1 , to 300 ppra, 1 0 ppm stability 

may be achieved in the light source wavelength X, Thus, one may be allowed the use of 
a cruder wavelength reference than would be necessary to control the source wavelength 
directly. Such an approach results in lower costs. As noted, the achievement of less 
than one ppm in a wavelength reference for measuring or controlling the source 

10 wavelength directly is not available in practical form. However, the feasible way to do 
such measurement is to measure and control the pump wavelength to less than 30 ppm 
(which is possible). Further, the pump wavelength measurement device may be a 
practically realizable wavelength-division-multiplexing (WDM) fused fiber optic 
coupler or a grating conveniently embedded in a fiber which can be used. These two 

15 devices may also be conveniently used to measure the third important parameter, the 

pump power, in determining source wavelength. This measurement information may be \ 
furnished to a servo to control the pump power, 

BRIEF DESCRIPTION OF THE DRAWING 
Figure 1 illustrates the basic structure of source wavelength control via pump 

20 wavelength and power control. 

Figure 2 is a diagram of source wavelength maintenance depending on pump I 
wavelength and power controlled by use of a wavelength sensitive fiber coupler. > 
Figure 3 is a diagram of a device that controls pump wavelength and power by j 
use of a short length of fiber having an embedded grating. 

25 Figure 4 is a diagram of a device that controls pump wavelength by use of a 

grating embedded fiber that is stretched at a modulation fipequency so that the pump 
wavelength can be adjusted and locked to the center firequency of the grating by a servo | 
feedback circuit. 

DESCRIPTION OF EMBODIMENTS 
30 The mean source wavelength X, (e.g.. Erbium) is dependent on the temperature of j 

a doped fiber 1 2. An advantage of a fiber light source 14 is that its temperature 
sensitivity is small and the sensitivity to pump 16 wavelength (thus pump temperature) 
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is small. For example. Erbium-doped fiber (EDF) light sources have a temperature 
coefficient of typically less than 7 ppm/degree Centigrade (C) change in EDF 
temperature. This is true since the energy levels in Er:Silica are principally derived 
from Stark splitting (due to local electric fields). Thus, the fiber light sources offer one 
to two orders of magnitude improvement over the 400 ppm/degree Centigrade 
wavelength dependencies of its own semiconductor light source pump diode or a 
common superluminescent diode (SLD). The residual less than seven ppm/degree C 
fiber light source wavelength temperature dependence is a pre^dictable function aver 
time since it relies only on the Boltzmann-described statistical occiirrence of energy 
levels; provided that the pump wavelength and the pump power do not change. In 
particular, the upper and lower lasing levels are each split into a manifold of several 
states. The specific resulting temperature coefficient is then given by the Boltzmann 
distribution, which describes the statistical occupation of energy levels of each manifold 
over temperature. 

Light source 14 has a doped fiber, such as with Erbium, of which pump light of 
enters and impinges on a non-reflecting end or termination 1 8. Light source 14 
utilizes a single pass backward pumped with no reflection. Other pumping 
configurations of light source 14 may include a two pass device having a reflective end 
1 8 being forward or backward pumped. Source 14 could also be single pass forward 
pumped, with a nonreflective end 18. 

Typical pump 16 wavelengths are nominally 980 nanometers (nm) and 1480 nm. 
The source 14 wavelength can be about 1550 nm. The dependence of source 14 
wavelength on pump wavelength for both 1480 nm and 980 nm pumping varies with the 
exact quiescent mean pumping wavelength. For a typical 1480 nm case, the quantitative 
advantage of fiber light source 1 4 is that a 0. 1 degree C change in the pump 1 6 laser 
temperature (Tp) gives a 40 ppm (0.06 nm) change in pump 16 wavelength, but less than 
a 1.3 ppm change in the source 14 wavelength. Similarly, depending on the exact 
design, a 1.0 milliampere (mA) change in pump current gives a 0.1 milliwatt (mW) 
change in pump power, but causes only a source wavelength change between 0,3 ppm 
and 1 ppm. Typically, the pump laser temperature (Tp) and pump power (Pp) are 
controlled, the EDF temperature monitored and compensated (or controlled), and the 
source 16 wavelength X can therefore be detemiined without measuring it directly. 



wo 97/24786 PCT/US96/20472 

In rare earth doped broadband sources such as those based on Erbium, the 
wavelength is very repeatable if the Erbium-fiber temperature, the pump power and the 
pump wavelength are constant. Since rare earth ions, such as Erbium, are a good 
wavelength standard, provided that the pump mean wavelength (Xp) and power (Pp) are 
5 constant, and have a low sensitivity to variation of pump mean wavelength and power; 
the ions achieve a high stability in wavelength with crude measurement and control of 
pump mean wavelength and power. If the temperature of the Erbium-fiber is suitably 
stabilized, and with a wavelength control reference of a 10 ppm stability (for stabilizing 
the pump wavelength), and a direct pump power control of a 50 microwatt stability, 

10 then a source wavelength stability of 0.3 ppm may be attained. The pump diode 16 
power measurement is easily accomplished by a standard PIN photodetector. 

The wavelength dependence on pump wavelength may vary with exact design 
choices such as nominal values of Xp, EDF temperature and EDF length (for a given 
EDF composition). In a typical design, a temperature stabili2:ation of pump diode 1 6 to 

15 within 0,025 degree C (over various environments) is necessary to achieve the pump 
wavelength \ stability (0.015 nm) resulting in less than 0.3 ppm scale factor variation. 
The applicants have demonstrated control of semiconductor light source temperatures to 
better than 0.02 degree C over wide thermal environments using a thermoelectric cooler 
(TEC) 20. Similarly, pump sources with TECs are available with adequate 

20 heating/cooling capacity over a -55 to +90 degree C temperature range. Note that the 
requirements on pump wavelength repeatability are relatively modest compared to the 
resulting FLS repeatability; however, in the most stringent (< 1 ppm) applications, 
direct control may be necessary. For instance, in the event that aging effects are 
observed that result in pump diode wavelength shifts over time, a wavelength control 

25 device such as a fiber Bragg grating may need to be employed to directly control the 
pump wavelength. 

Wavelength division multiplexer 24 has a coupler or other kind of splitter whose 
light splitting is wavelengtii sensitive. The coupler has an input port 21 at which pump 
16 light of A^, enters, and input/output port 22 at which pump 1 6 light of exits and 
30 enters light source 14 light of X enters. From port 23 exits light source 14 light of X 
which enters fiber optic gyroscope 26. Pump 16 light cannot exit port 23, and source 
light cannot exit port 21 of wavelength division multiplexer 24. 
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A pump power tap coupler 30 is for tapping power from pump 16 light of Xp for 
wavelength reference 28 and pump power reference 32. The output signal of 
wavelength reference 28 goes to pump wavelength control electronics 38 which outputs 
a signal to cooler 20 that controls the temperature of pump laser diode 16 to maintain 
the stability of wavelength of the pump laser light. An output signal from the pump 
power reference 32 goes to current control electronics 39 that controls the current to 
pump laser diode 16 to maintain the stability of pump 16 power Pp. 

Temperature sensor 40 detects the temperature of Erbium-doped fiber 1 2 of light 
source 14 and provides an indicative signal to processor 41 for providing compensation 
due to the Erbium-doped fiber 12. 

The present invention uses a wavelength-division-multiplexing (WDM) fused 
fiber-optic coupler 34 as a wavelength reference 28 of figure 1, to measure the mean 
wavelength of the pump source 16 (Figure 2). The optical power exiting the two output 
ports 35 and 36 of the wavelength-division-multiplexing coupler 34 are used to derive 
spectral inforaiation at the point of insertion. Holding the two powers I, and Ij in 
balance by detecting and nulling a differential error signal effects control of the average 
pump 1 6 wavelength at the point of insertion. Advantages of this approach are 
traceable to the use of stable-fused silica material and fibers fused together to form a 
single glass structure. This structure gives a thermal coefficient of less than 5 
ppm/degree C and a 1 0-12 ppm repeatability over a wide temperature range with very 
little thermal hysteresis. Thus, in conjunction with the FLS insensitivity to pump wave 
length, this device gives the needed accuracy and stability to control the pump source to 
10 ppm, providing 0.35 ppm drift of the source 14 wavelength. 

The pump 16 power, Pp in milliwatts (mW), coefficient, due to the influence of 
absorbed pump power on gyro source 14 mean wavelength, should be in the range of 
0.3 to 12 ppm/0.1 mW, depending on the exact FLS 14 design and pump 16 
wavelength. The pump power Pp, may also be conveniently monitored by the WDM 34 
wavelength control device. Whereas a power difference change between the two WDM 
coupler output ports 35 and 36 is representative of a wavelength shift, a change in the 
sum of the optical power outputs will represent a change in pump power Pp. By placing 
two matched photodetectors 43 and 44 at the two outputs 35 and 36 of the WDM 34, 
respectively, and combining their signals into sums at summing amplifier 45 and 
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differences at differential amplifier 46, pump power Pp and pump wavelength shifts 
(respectively) may be observed and controlled, as shown in figure 2. In the case of 
pump wavelength Xp, a signal 47 representative of an output difference can be used to 
adjust the temperature of the pump source 16 via pump wavelength servo electronics 38 
5 and cooler (TEC) 20, and hence its wavelength. In the case of pump 1 6 power, a signal 
48 representative of a shift in the sum of the WDM outputs I| and Ij at ports 35 and 36, 
respectively, may be used to control the average pump current, and hence its power Pp. 

It must be noted that the WDM coupler device 34 described above could also be 
used in principle to directly measure and control the actual source 14 wavelength X. 

10 However, this device would have to be improved to 0,35 ppm stability to achieve equal 
stability in the gyro scale factor. This altemative is more difficult than the approach of 
controlling the pump wavelength described in this invention. 

Altemative devices for measuring and controlling the pump wavelength and 
pump power exist and may have advantages over the WDM coupler 34 device described 

1 5 above. For instance, light from the pump 16 may be directed through pimip power tap 
coupler 30 and a power splitting fiber coupler 50 into a short fiber length of fiber 51 
with an embedded grating 52 as shown in figure 3. Grating 52 then, in turn, passes or 
reflects certain wavelengths within the pump source 1 6 spectrum. By measuring light 
53 backrefiected (1^) from grating 52 (through the power splitter) and light 54 passed 

20 through the grating (It), the pump 16 wavelength 7^ and pump power Pp may be 
measured. Light 53 is converted by photodetector 55 into an electrical signal 56 
representative of light 1, 53. Light 54 is converted by photodetector 57 into an electrical 
signal 58 representative of light It 54. Signals 56 and 58 are summed by summing 
amplifier 59 resulting in a sum signal 60 representative of the sum of light 1^ 53 and 

25 light It 54. Signal 60 goes to pump current control electronics 39 which sends a 
controlling cunent to pump diode 16 to appropriately maintain pump 16 power Pp. 
Signals 56, 58 and 60 go to pump wavelength control electronics 38 to maintain pump 
16 wavelength Xp. Changes in the sum 1^ + It (53 and 54, respectively) are indicative of 

changes in pump power Pp, whereas changes in the normalized difference — — or 



wo 97/24786 



-7- 



PCT/US96/20472 



changes in — (depending on the exact design) are indicative of changes in pump 

A + A 

wavelength Xp. 

One particularly attractive architecture is shown in figure 4 where a grating 52 
embedded fiber 51 is stretched (via a piezoelectric transducer 61) at a frequency f^ to 
detect small pump 16 wavelength shifts. Assuming the grating 52 wavelength is 
nominally chosen to be at the nominal mean pump 16 wavelength, the pump 16 
wavelength A.p is adjusted and locked by the servo to the center frequency of the grating 
52. In this case, the grating 52 (whose wavelength resonance width is narrower than the 
wavelength spectral width of the pump source 16) reflectance is maximum. By 
modulating the fiber 51 length by frequency f„, by modulator source 67, and thus the 
grating 52 spacing, the output 64 of the PDl 62 preamp 63 is modulated. After 
demodulation according to frequency f^, from modulator source 67 of the preamp signal 
64, the servo will stabilize the pump 16 wavelength to that pump wavelength where 
there is substantially no signal 64 (at frequency f^) at the demodulator 65 input (see 
figure 4), i.e., to effectively the center of the grating 52 resonance (assuming a 
reasonably synunetric response function and pump wavelength spectrum). 

The output light fi-om fiber 52 goes to photodetector 66 to be converted into an 
elecuical signal 68 that is simimed with signal 64 by summing amplifier 69 into signal 
70 that goes to source current control electronics 39 to maintain pump 1 6 power Pp via 
current to pump diode 16. 

Note that other effects on the effective optical wavelength have to be considered 
in the overall gyro 26 design. For instance, the exact wavelength which determines 
gyroscope scale factor is the mean wavelength observed at the photodetector 71 . The 
wavelength-dependent transmission characteristics of the gyroscope optical components 
may have thermal dependencies. Such errors can be automatically corrected by a scale 
factor compensation algorithm over a particular temperature range. 

Another issue is wavelength shifting due to aging of light source 14 which 
would result from pump wavelength \ or pump power Pp changing over time. These 
parameters can be controlled directly. In the event that aging effects are significant, an 
active wavelength stabilization can be introduced by controlling the pump 16 
parameters to meet the desired requirements. This, of course, assumes that aging effects 
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are small or in the wavelength reference device of choice than in pump source 16; 
however, in principle, passive wavelength references should be more stable over time 
than active semiconductor devices. This latter tradeoff is another advantage of the 
invention. 
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1 . A light source wavelength control device comprising: 

a doped fiber light source having a wavelength X\ 

a pump light source having a wavelength X.p; 
5 a coupler having a wavelength having a first port connected to said pump light 

source, a second port and a third port; 

a wavelength division multiplexer having a first port connected to the second 
port of said coupler, a second port connected to said doped fiber light source, and a third 
port: 

10 a wavelength reference having an input connected to the third port of said 

coupler, and having an output; 

pump wavelength control electronics having an input coimected to the output of 
said vy^avelength reference, and having an output; 

a temperature controller proximate to said pump light source, having an input 
1 5 connected to the output of said pump wavelength control electronics; 

a pump power reference having an input connected to the third port of said 
coupler, and having an output; and 

current control electronics having an input connected to the output of said pump 
power reference, and having an output connected to said pump light source. 
20 2. The light source wavelength control device of claim 1 further comprising a 
temperature compensation processor coimected said doped fiber light source. 
3. The light source wavelength control device of claim 2, wherein said doped fiber 
Ught source has fiber doped with a rare-earth material 
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